Resistance of the common slow-growing solid tumours to current chemotherapeutic strategies appears in part to be a consequence of the abnormal metabolic environment of solid tumours. It is proposed that the disordered vascular development in the growing tumor mass results in a proportion of cells being remote from capillaries; the increased diffusion distance leads of hypoxia, low concentrations of glucose and other nutrients, and reduced cellular pH (Thomlinson & Gray, 1955) . Hypoxic cells are resistant both to radiation and to electrophilic cytotoxic drugs (Sutherland, 1988; Crabtree & Cramer, 1933) . The proportion of hypoxic cells in a tumour is in part a function of tumour size, but even small tumours (1 mm in diameter) may have radiobiologically-defined hypoxic fractions ranging from 10-30%. The tumour types in which significant hypoxic fractions have been identified include all of the common solid tumours especially lung, colon, head and neck and breast cancers (Rockwell & Moulder, 1990; Adams & Stratford, 1986) .
SR2508 (etanidazole, NSC 301467 ) is a 2-nitroimidazole, one of a series of 'oxygen mimetic' drugs which have been evaluated recently in clinical and preclinical studies (reviewed in Adams & Stratford, 1986, and Coleman et al., 1988) . In addition to sensitising hypoxic cells to radiation, the 2-nitroimidazoles restore the sensitivity of hypoxic cells to cytotoxic drugs in vitro and in vivo. This effect was first demonstrated by Clement et al., 1980 and Rose et al., 1980 and is particularly marked for alkylating agents. Misonidazole increased the antitumour activity of melphalan and of cyclophosphamide by factors of 2.2 and 1.8 respectively, while myelotoxicity was increased only by 1.2 and 1.3-fold (Law et al., 1981; Hirst et al., 1984) . At equimolar doses, SR2508 enhances the activity of cyclophosphamide and melphalan as effectively as misonidazole . SR2508 was synthesised as a less lipophilic congener of misonidazole, since the neurotoxicity of nitroimidazoles is directly related to their lipophilicity, and misonidazole produced neurotoxicity at doses that yielded plasma concentrations insufficient for sensitisation (Brown & Workman, 1980 ).
In the preclinical in vivo study of Clement and colleagues, the maximum sensitising efficacy increased both with the dose of cyclophosphamide and that of the nitroimidazole (Clement et al., 1980) . Therefore a determination of the maximum tolerated dose of SR2508 in a dose-escalating phase I study was undertaken.
Several mechanisms have been proposed to account for the chemosensitising effects of 2-nitroimidazoles (Mulcahy, 1986; Taylor et al., 1984; Taylor et al., 1983; Murray & Meyn, 1984, and Roizen-Towle et al., 1984) . Potentiation of alkylator-induced DNA damage has been identified through the use of alkaline elution (Taylor et al., 1983 ). An inhibitory effect on DNA repair has been postulated but not proven (Taylor et al., 1983) . Others have suggested that an effect upon the pharmacokinetics of the alkylating agent may account for the sensitisation observed in vivo (Hinchcliffe et al., 1983) . The nitroimidazoles may themselves be cytotoxic to cells under conditions of hypoxia; drug treatmentassociated DNA strand breaks have been described, and binding of labelled SR2508 to DNA is reported (Smith, 1984) .
The early studies of 2-nitroimidazoles showed that they depleted cells of glutathione (GSH) (Varnes et al. pp. 121-126, 1990) . Recent work has shown that GSH depletion may be an important means of reversing resistance to alkylating agents and platinum compounds (Ozols et al., 1990) . In addition, there is some evidence that 2-nitroimidazoles inhibit glutathione transferases, overexpression of which is associated with alkylating agent resistance (Kumar & Weiss, 1986, and Wang & Tew, 1985) . Thus with the potential to address resistance on the basis of two distinct mechanisms, it was important to study further the effects of SR2508 on these pathways in vivo.
The initial clinical trials of SR2508 as a radiosensitiser indicated that total doses substantially higher than those of misonidazole could be administered (Coleman et al., 1986) . These studies did not however characterise the maximum tolerated single dose of the sensitiser. The present study was designed to (1) establish the maximum tolerated dose of SR2508 in combination with cyclophosphamide; (2) identify acute dose-limiting toxicities; (3) describe the pharmacokinetics of SR2508 at these doses; and (4) determine the effects on GSH levels and GST activity in the peripheral mononuclear cells, red cells, and where possible, tumour cells of patients treated with these drugs. The major issue in designing an initial regimen of SR2508 in combination with cyclophosphamide was the schedule of drug administration. Preclinical in vivo studies had produced conflicting results concerning the necessity for preincubation. Siemann and colleagues (1986) had shown that the optimal schedule appeared to be when the alkylating agent (CCNU, melphalan) and the sensitiser (misonidazole, SR 2508) were given close to the same time, even though in some tumours preincubation with a sensitiser was more effective. On the other hand, Clement et al., 1980 showed that in the M5076 murine model, a two-fold increase in activity resulted when the misonidasole and cyclophosphamide were administered close to simultaneously. In the study conducted at Fox Chase Cancer Center, we elected to schedule the maximum plasma alkylating activity and maximum sensitiser levels at approximately the same time, and to perform biochemical measurements which could guide us to future schedule selection. Thus to allow for hepatic activation of cyclophosphamide, administration of the alkylator preceded that of SR2508 by 4 h. In addition, to describe the pharmacokinetics of SR2508 separately from cyclophosphamide, each patient received a single dose of SR2508 one week before the combination was administered.
Materials and methods

Patient population
Patients eligible for this study had a histologic diagnosis of cancer, and had exhausted the standard therapeutic options for their disease. They had recovered from all toxicity of prior treatment and had not had prior chemotherapy or radiation therapy within four weeks of entry to the study. They were aged > 18, and had an ECOG performance status of 0-2. They had adequate bone marrow (white cell count > 3500 cells mm-3, platelets > 100,000 mm-3), liver (bilirubin < 2 mg dl-'), and kidney (creatinine < 1.5 mg dl-') function. Patients with clinical evidence of peripheral neuropathy, or those who had prior treatment with vinca alkaloids, were not eligible. All patients gave written informed consent in accordance with Federal, State, and Institutional guidelines.
Before beginning therapy, a full history and physical examination, complete blood count, biochemical profile, urinalysis, electrocardiogram, and chest x-ray were performed. Patients were monitored with weekly blood counts and biochemical profiles, and clinical examinations on each course. Doses were reduced if necessary based on toxicity; doses were not escalated within patients. Results are reported using the consensus toxicity criteria (Cancer Therapy Evaluation Program, National Cancer Institute, Bethesda, Maryland, 1988) . Patients with measurable disease were evaluated (usually by scan or x-ray) every other course; those with stable disease or better were continued on therapy. Response criteria were standard (Miller et al., 1981) .
Treatment plan SR2508 was supplied by the National Cancer Institute, Bethesda, Maryland, in 10 ml vials containing 1 gm of a white lyophilised powder. Vials were reconstituted with 0.9% sodium chloride, and further with either 5% dextrose injection, U.S.P. or 0.9% sodium chloride to yield a concentration no greater than 20 mg ml-'. Higher concentrations were found to result in pain at the injection site radiating proximally along the vein. The appropriate volume was administered IV as a zero order infusion over 30 or 60 min. Drug administration and Pharmacokinetic sampling were performed in the Mary S. Schinagl Clinical Pharmacology Unit at Fox Chase Cancer Center.
Study design
The design of the study called for an initial dose of SR2508 (1 gm m-2) to be administered one week before the combined treatment. The use of this lower dose allowed determination of both dose dependency and the effects of cyclophosphamide upon SR2508 pharmacokinetics, using the patient as their own control. One week later, cyclophosphamide 1 gm m-2 was administered IV over 10 min, and exactly 4 h later, SR2508 as 30 min or 60 min infusion. The starting dose of SR2508 was 2.5 gm m-2, a dose which had been tolerable in the phase I trial of SR2508 as a radiosensitiser. In subsequent courses, the same dose and schedule of SR2508 and cyclophosphamide were administered at three to four week intervals, without dose escalation in individual patients. Since definition of the cumulative maximum tolerated dose was of interest as part of this study, six patients were entered at each dose level.
Doses of SR2508 were escalated from 2.5 to 15 gm m-2 in nine escalations. Following the accrual of 28 patients, a review of the pharmacokinetic data showed that the pharmacokinetics of SR2508 in individual patients were identical on weeks one and two. Accordingly, the design was changed to administer the same dose of SR2508 on weeks one and two. At 7.2 gm m2, myelosuppression with the combination of cyclophosphamide and SR2508 became dose-limiting. Since the myelosuppression was a reflection of the effect of SR2508 upon cyclophosphamide toxicity, and not solely a toxicity attributable to SR2508, the dose of cyclophosphamide was reduced by 25%, and escalation continued to the maximum tolerated dose of SR2508. The maximum tolerated dose was defined as the dose at which over 50% of patients had grade 3 or 4 toxicity attributable to SR2508.
Pharmacokinetic sampling Blood samples (5 ml) were drawn into Vacutainer tubes containing no anticoagulants, and centrifuged after 20 min. Serum was separated and stored at -40°C. Blood samples were obtained at baseline (before infusion), and at 0. 25, 0.5, 1, 1.5, 2, 4, 8, 12, 24, 36, 48 , and 72 h after drug administration. Urine was collected in four hour aliquots for 24 h, and in 12 h aliquots subsequently for a total of 48 h after each dose. Urine collections were kept on ice in the dark. Aliquots (5 ml) from each specimen were stored at -40°C for later analysis.
Analytical method SR2508 concentrations in plasma and urine were measured by the method of Workman et al., pp.291-361, (1983) . Briefly, samples were thawed and deproteinised with methanol, and the supernatant evaporated to dryness under a stream of N2 at room temperature. The residue was resuspended in mobile phase and injected (by way of a Hewlett Packard automated injector) onto a C18 Versapack column (30 x 4.1 mm ID) in a Hewlett Packard HP1090 HPLC system. The mobile phase was 5% methanol in water; SR2508 had a retention time of 4 min. Detection was by uv absorbance at 323 nm; peak heights were integrated and stored by a HP 85-B data system, and concentrations determined by reference to a standard curve which was run with each batch of samples. No other nitro-containing species have been detected in plasma, urine, or tissue samples using this analytic procedure. The day to day coefficient of variation (CV) less than 10% from 0.1 to 50 lig ml-', and the within-day CV was <4%. The lower limit of detection was 50 ng ml-', and the detector response was linear up to 50SLg ml1. (Griffith, 1980 (Gibaldi & Perrier, 1982) .
The pronounced inter-patient variability of biochemical results led to difficulty in applying standard regression analysis methods to the GSH and GSH transferase data. Because of the lack of a clear dose-response relationship, the pooled data from all available patients were analysed separately for both the first and second courses to allow an assessment of the extent and time-course of the observed changes. The data are described in terms of median effects as a function of time after SR2508 dosing. Comparisons of values of GSH and GSH transferase at all time points were made with baseline values using the Wilcoxon 2-sample test (two-tailed). We did not attempt to account for the many tests completed on the data. Evidence for relationships between various clinical, pharmacokinetic, and biochemical parameters were sought using Spearman's rank correlation test. (Table II) . Eighty-five per cent of the Among eight patients who received three or more courses of SR2508 and cyclophosphamide, there was no evidence of cumulative myelosuppression.
Neurotoxicity
While myelosuppression was largely attributed to cyclophosphamide with a possible contribution of SR2508, the most important and dose-limiting toxicity attributable to SR2508 itself was neurotoxicity. From previous work with misonidazole, it was anticipated that central neurotoxicity (confusion, hallucinations, etc) might limit the single dose of SR2508. Peripheral neurotoxicity, manifest as a sensory motor neuropathy, was expected to limit the cumulative dose of SR2508. However the predominant neurologic manifestation was a novel sensory neuropathy in which a constellation of symptoms followed SR2508 administration as a single agent or in combination with the alkylating agent. At doses > 9.4 g m2, a syndrome of acute pain and tingling, radiating symmetrically down the extremities from the hip or shoulder girdles began from four to twelve hours after treatment. The severity of this paraesthesia-dysaesthesia pain syndrome was dose-related and was dose-limiting at 15 g m-2 (Table IV) . At this dose, two of three patients required high doses of morphine for pain relief. Resolution of symptoms occurred within 12 to 18 h, leaving no long term sequelae; subsequent sensory examinations were normal. The severity of these symptoms appeared to diminish with repeated dosing.
There was no evidence of central neurotoxicity at any dose studied in this trial. At doses higher than 7.2 g m2, patients were evaluated before, and at various times after SR2508 administration using the 'mini-mental' test of cortical function (Folstein et al., 1975 (Figure 2 ). The mean pharmacokinetic parameters at SR2508 doses from 2.5 to 7.2 g m2 are presented (Table VI) . These patients received an initial SR2508 dose of 1 g m-2. In all patients, the plasma concentration-time curve fit a two-compartment open model. The harmonic mean terminal half-life was remarkably reproducible among patients, varying from 5.1 to 5.8 h. The area under the concentration time-curve was linearly correlated with dose (r = 0.88, P = 0.0001) (Figure 3 ).
Since the sensitising efficacy of SR2508 depends upon its penetration of tissue compartments, we sought an estimate of overall tissue concentrations by considering the peripheral compartment represented in the kinetic model. (Brown & Workman, 1980) . Volumes of distribution were similarly reproducible among groups of patients. The volume of the central compartment approximated that of extracellular fluid, while the steadystate volume of distribution was consistent with drug distribution through the total body water, with minimal tissue binding.
The total-body clearance range from 46.6 to 94.0 ml min-' m-2, and was not dose-related. Renal clearance accounted for approximately 70% of total body clearance, and about 70% of the dose was found in the urine in the 48 h collection period. Metabolites of SR2508 were not detected using this analytical method: no additional peaks were found on the chromatograms of serum or urine. The extent to which metabolism or hepatic excretion of SR2508 contributes to drug removal is unknown at this time but would be expected to account for the difference between total body clearance and renal clearance (30%).
The effect of cyclophosphamide on SR2508 pharmacokinetics may best be analysed in the patients who received the same dose with and without the alkylator (i.e. patients at 7.2, 9.4, 12.2 and 15 g m2). In Table VII The relationship between renal function and SR2508 disposition was analysed by plotting creatinine clearance (derived from a nomogram) against the total body clearance of SR2508 ( Figure 5 ). As anticipated from the SR2508 urinary excretion data, the relationship was highly significant (r = 0.626, P = .0001).
Relationships between pharmacokinetic parameters and toxicity showed several positive correlations. The total body clearance of SR2508 (and therefore renal clearance) was significantly related to both white cell and neutrophil toxicity (P<0.005) (Figure 6 ). Since this level of significance is much lower than that for either area under the concentration-time curve or SR2508 dose, it may be that the renal clearance of SR2508 and that of active metabolites of cyclophosphamide are related.
Biochemical results SR2508 at doses as low as 1 g m-2 inhibits GSH transferase activity in peripheral mononuclear cells, but not in red cells (data not shown), by over 50%. The reason for this discrepancy is not clear, but may relate to the higher concentration of GSH in red blood cells. Depletion of peripheral mononuclear cell GSH levels parallels the inhibition of GSH transferase, which suggests a common mechanism.
The mean baseline value for GSH in peripheral mononuclear cells was 0.265 ( ± 0.037, SEM) nmol-' mg protein among 42 patients. When measured one week after the initial SR2508 dose, these values were unchanged at 0.254 ( ± 0.034, SEM) nmol mg-' protein. The baseline GSH transferase activity was 1.17 (± 0.14, SEM) nmol min' mg-' protein among 43 patients. This value too was unchanged by SR2508 administration at 1.07 ( 0.15, SEM) nmol min mg protein in week 2.
Because of pronounced inter-patient variability, no doseresponse relationship for GSH transferase inhibition or GSH depletion in peripheral mononuclear cells could be discerned. Visual inspection of the data showed that the values for both GSH and GSH transferase declined after SR2508 treatment, followed by recovery. Using the Wilcoxon two sample test (two-tailed), the values for GSH at 8 and 12 h were significantly different from those at other times (P = .001). The GSH transferase values at these times were also different from those at other times (P = .004).
To allow an assessment of the time-course of these effects, the data from all the patients were pooled. Figure 7 shows the median change in the values for the first and second courses respectively. Following the first course (SR2508 alone) 24% inhibition of GSH transferase activity compared to control was observed at 12 h, with recovery by 24 h. Following the second course (SR2508 and cyclophosphamide) a more profound effect (about 40% inhibition) We obtained biopsies of tumour tissue before and at 12 and 24 h after SR2508 administration in three patients (Table  VIII) . Each received a dose of 9.4 to 12.2 g m-2 of SR2508.
The results of the GSH transferase and GSH analyses are concordant with the peripheral mononuclear cell data: pronounced interpatient variability is apparent. One patient had no evidence of a biochemical effect, while one had a modest and one a profound change in the measured activities. In these patients, pharmacokinetic differences did not explain the variability.
Discussion
In this Phase I study, the maximum tolerated dose of SR2508 was sought based on preclinical evidence in vitro and in vivo that sensitising efficacy is a function of concentration or dose (Clement et al., 1980; Brown et al., 1981) . Indeed, the failure of misonidazole to exhibit significant enhancement of alkylator efficacy has been attributed to an inability to yield a clinically-important dose-modifying factor (Coleman et al., 1988) . (The dose-modifying factor is the ratio of doses or concentrations of a cytotoxic drug required to achieve a target effect in the presence vs the absence of the sensitising agent). Based on in vitro models, a dose-modifying factor of about 1.5 may be anticipated with SR2508 concentrations of > 2 mM (428 jig ml-'); our analysis of drug concentrations in the peripheral compartment suggests that such levels were achieved at doses > 5.5 g m-2 in this study. Such doses would be expected to sensitise hypoxic cells to alkylating agents, and should be tested in Phase II trials. However, doses higher than 7.2 g m-2 should probably not be used in regimens using conventional toxicity criteria, since potentiation of cyclophosphamide myelosuppression may require dose-reduction of the alkylating agent.
The maximum tolerated dose of a single dose of SR2508 was found to be 12.2 g m-2. Above this, neurotoxicity was dose-limiting. The 'paraesthesia-dysesthesia syndrome' we have described appears to be unique to SR2508 among 2-nitroimidazoles, and is not described, to our knowledge, in response to other neurotoxins. The syndrome represents an acute, reversible sensory neuropathy. As with the biochemical effects, the onset of this syndrome was delayed, reaching a peak at 8 course is consistent either with inhibition of intracellular processes eventually resulting in depletion of their product, or with the formation of a metabolite that may itself be neurotoxic. SR2508 was chosen for development based on its low lipophilicity (Brown & Workman, 1980) . As predicted, SR2508 causes little central neurotoxicity, though at many of the doses used in this study, mild psychological effects (anxiety, depression) were noted. Objective cortical impairment did not occur. The greater central effects reported with misonidazole suggest that differences in the rate of drug accumulation in the brain vs the peripheral nervous system may be responsible for this altered pattern of toxicity. Consistent with the delayed effects of SR2508 on the nervous system, the onset of nausea and vomiting (which occurred in the majority of patients) pursued a time course similar to that of the paraesthesia-dysesthesia syndrome. Similar findings have been reported in a Phase I trial of this combination from the University of Wisconsin (Bailey et al., 1991) .
Coleman and colleagues have demonstrated a relationship between the total area under the concentration-time curve of SR2508 and the probability of developing a chronic peripheral sensory neuropathy following repeated small doses of the drug (Coleman et al., 1987 ). In the current study, the incidence of this type of sensory neuropathy associated with high cumulative doses of SR2508 was low. Total doses up to 60 g m-2 were tolerated by two patients. These limited data suggest that the development of a peripheral sensory neuropathy may relate both to the AUC and to the schedule of administration: higher cumulative doses may be tolerated using intermittent schedules such as this. Future phase II studies of SR2508 will clarify the cumulative dose tolerance of the drug on this schedule, and describe its relationship to pharmacokinetic parameters.
The relationship of myelosuppression following combined treatment with SR2508 and cyclophosphamide to SR2508 dose, and more accurately, to SR2508 clearance, is of some interest. An obvious interpretation is that SR2508 (not a known myelotoxic agent) may potentiate the toxicity of cyclophosphamide to bone marrow stem cells. This may occur as a result of GSH depletion in oxic cells as occurred in peripheral mononuclear cells; enhanced toxicity of cyclophosphamide (Grau et al., 1990 ) and other alkylators (Durand & Chaplin, 1987; Horsmann et al., 1989) to oxic cells is welldescribed in vivo and in spheroids. Allalunis et al. have shown in addition that a proportion of normal marrow cells exist in a hypoxic environment (Allalunis et al., 1983) . Sensitisation of these cells by SR2508 may contribute to the enhancement of myelosuppression observed.
An alternative explanation is suggested by the pharmacokinetics. The close relationship between SR2508 and creatinine clearance may also exist between renal function and the plasma clearance of the active metabolites of cyclophosphamide. Thus, indirectly SR2508 clearance and clearance of alkylating species may be related. However, a potentiating effect of SR2508 at the level of the marrow is supported by the dose-related enhancement of marrow toxicity.
As others have reported, the pharmacokinetics of SR2508 are remarkably uniform among patients. Our results are almost identical to those of Bailey et al. (Bailey et al., 1991) . Our studies of SR2508 content in tumour biopsies confirm those of others showing that tumour drug levels are comparable to those of simultaneously obtained plasma levels (Coleman et al., 1984) . since sensitisation by SR2508 requires its intracellular metabolism, activities of the enzymes mediating one-electron reduction are potentially important determinants of drug effect. Individual variation in sensitising efficacy may thus depend upon the capacity of the hypoxic tumour tissue to metabolise SR2508 to its one-electron reduction intermediates. The nitroreductase activity of tumours was not characterised in this study, but may be an important determinant of and predictor for response.
Such variation may explain the biochemical findings in peripheral mononuclear cells. Inhibition of GSH transferase and depletion of GSH followed the administration of SR2508 in a majority of the patients. Effects were observed at the lowest doses of SR2508, but inter-patient variability was pronounced: in some patients no biochemical changes occurred. As a result, no clear relationship to dose could be established. Such a finding often indicates population variability in drug handling, but since the proportion of SR2508 eliminated non-renally is small (over 70% unchanged in the urine) a pharmacogenetic pattern is not evident from the pharmacokinetic data. Future studies will address the role of metabolic phenotype in determining the biochemical effects of SR2508.
The medians of the pooled data from the 47 patients showed a clear and significant trend to a nadir of GSH content and GSH transferase activity at 8-12 h after dosing. A similar, delayed depletion of GSH was observed in murine tumours and normal tissues following SR2508 administration i.p. (Horsmann et al., 1989) . In both species the time of drug administration varied throughout the day so that a circadian variation alone is unlikely to be responsible for the observed effects. The mechanism of the depletion of GSH is not known. A metabolite which has been identified in vitro, but not hitherto in vivo, in the GSH conjugate of SR2508 (Varghese & Whitmore, 1986) . Our current studies are directed to the further investigation of this derivative (O'Dwyer et al., 1992) .
Finally, it was hoped that the time course of biochemical changes in tumour tissue would provide a guide to the scheduling of SR2508 with the alkylating agent. The three patients in whom biopsies were obtained sequentially show a pattern of heterogenity similar to that observed in the studies of peripheral mononuclear cells. Inhibition of GSH transferase and depletion of GSH at 12 h in two of the three patients, with recovery of 24 h (in GSH levels at least) suggest that maximal biochemical effects in tumour probably occur with a time course similar to those in peripheral mononuclear cells. The time course of the biochemical changes and of certain of the toxicities (e.g. nausea and vomiting, and paresthesia-dysesthesia) indicate that many of the effects of SR2508 are exerted 8-12 h after dosing. Since some of the preclinical in vivo models support pretreatment with the nitroimidazole, these data suggest to us that modification of the schedule of administration for Phase II trials will be appropriate. Unlike the schedule reported here or the simultaneous administration of these drugs in the study of Bailey et al., 1991 , a schedule of SR2508 and cyclophosphamide which would administer the sensitiser first, followed 4 h later by cyclophosphamide would effectively allow an 8 h interval between SR2508 administration and the appearance of maximum alkylating activity. It is this schedule that might best be tested in Phase II trials of SR2508 as a sensitiser of alkylating agents.
